This report summarizes the study on the higher order mode (HOM) damper for the 56 MHz SRF cavity. The Q factors and frequencies of the HOMs with the HOM damper are measured and compared to the simulation. The high pass filter prototype for rejecting the fundamental mode is designed and tested. The filter measurement is also compared to the simulation. Based on the mearuement, a new location of the HOM damper is chosen.
Introduction
A 56 MHz superconducting RF cavity (SRF) is being designed and prototype-tested as an AIP (Accelerator Improvement Project) for the luminosity upgrade of the Relativistic Heavy Ion Collider (RHIC). The 56 MHz cavity is intended to be turned on at store, which requires a stable fundamental mode operation without exciting the higher order modes (HOM). The HOMs result in some instabilities, and especially when the monopole HOMs are excited, the coupled bunch (CB) mode instability leads to a severe beam instability. Therefore, suppressing the excitation of the HOMs is of great importance for running the cavity stably. The HOM dampers are necessary components for operating the cavity which damp out HOMs that are present in the cavity. The HOM dampers are designed to be inductively coupled structure which couples out the magnetic fields of the cavity. For the quarter wave SRF 56 MHz cavity, the end of the cavity will have the strongest magnetic field location which determines the location of the HOM dampers. Two orthogonally posed HOM dampers are going to be installed at that location to allow to couple the dipole modes with two orthogonal polarities. The fundamental mode of the cavity, however, has to be rejected, which requires some kind of filtering of the damper. Fig. 1 shows the Cu prototype 56 MHz cavity. On the left side of the cavity (from Fig. 1 ), an opening for the HOM damper is seen with 45
The identification of HOMs
• tilted angle with respect to the vertical coordinate of the cavity. To elminate all HOMs including opposite polarities, the second HOM damper will be also used and 90
• apart from the first HOM damper on the same vertical plane (In Fig. 1 , the second HOM damper opeing is located 90
• apart from the first HOM damper which is hidden in the picture.). First of all, the HOMs of the 56 MHz cavity are identified experimentally by a network analyzer. 
The HOM high pass filter
Since the HOM damper couples out the HOMs inductively, an unwanted coupling of the fundamental mode via the HOM damper also happens. Therefore, a kind of filter device is necessary for rejecting the fundamental mode in the HOM damper. For the 56 MHz HOM damper, a high pass filter is adopted for several reasons. First of all, the first HOM of the quarter-wave 56 MHz cavity is quite apart from the fundamental mode, which makes the filter design be easier in a sense that it does not have to notch out the exact fundamental mode frequency. Second, the high pass filter concept has been already successfully used for the RHIC 28 MHz accelerating cavities. The 56 MHz HOM high pass filter is a 5 element high pass filter, which consists of 3 capacitors and 2 inductors terminated with a 50 Ω load. 
The first capacitor value is around 21 pF according to Eq. 1. Fig. 3 shows the MWS model of the HOM filter circuit, which is a real physical geometry of the filter. The first capacitor consists of two disks with radius of 7 cm seperated approximately by 1 cm. A separation distance of 1 cm between the two capacitor plates gives a capacitance of 14 pF, which can be adjustable by changing the gap distance of the plates. The nominal capacitance of 21 pF can be achieved when the separation distance if 0.7 cm. As shown in Fig. 2 , the Pspice simulation used a value of 14 pF of the first capacitor. Following capacitors are a coaxial geometry whose gap is filled with Rexolite. The inductors were realized by having a long thin slab geometry. Fig. 4 is a plot of the S 21 measurement. The measured S 21 is compared to the simulation result. As shown in Fig. 4 , the measurement agrees well with the simulation. A slightly modified circuit which has an inductor as a first component as shown in Fig. 5 has a big advantage. If the inductor comes first, the inductor slab would serve as a cooling path for the HOM damper. A quick modification was done by adding an additional slab structure in front of the first disk capacitor. Fig. 6 is the result of the measured S 21 . Up to 700 MHz, the filter works properly and gives around -54 dB at the fundamental frequency of 56 MHz. However, as the frequency becomes higher, there exists oscillations and degraded performance in amplitudes. By the nature, designing a broad high pass filter that covers from 50 MHz to 1 GHz is quite difficult. The first inductor of the modified high pass filter was measured with a network analyzer. The first inductor part is physically removed from the rest of the filter circuit components by the fact that the first inductor is connected to the disk capacitor which can be easily separable. And an extended line towards the HOM damper is connected to an N-type connector which allows to measure S 11 parameter. By measuring the S 11 over the frequency range between 9 kHz and 60 MHz, the impedance of the inductor was measured. At 1.6 MHz, the imaginary part of the S 11 is 0.714 Ω, ωL = 0.714 Ω (2) at 1.6 MHz. Therefore, the first inductance of L is around 71 nH. Another frequency point at 16 MHz gives an impedance of 7 Ω from imaginary part of the S 11 , which results in the consistent L value of 71 nH. The design inductor value of the first inductor is 81 nH as indicated in 4 The HOM damper measurement Fig. 1 shows the Cu prototype of the 56 MHz cavity. On the left side of the cavity, an opening for the HOM damper which is 10 cm away from the cavity end is seen with 45
• apart from the first HOM damper which is hidden in the picture.). The prototype HOM damper for the 56 MHz copper prototype cavity is constructed as a 6 by 4 cm loop and it is connected to an inductor first high pass filter as discussed in Sec. 3 terminated with a 50 Ω load. The HOMs of the cavity are identified and the Q values are measured with one HOM damper inserted. The following measurements on the HOM damper were done.
• Measure Q values when the HOM damper is inserted Table 3 shows the result of the HOM measurements. As seen in Table 3 , almost all HOMs are well damped except for the modes between 260 MHz and 314 MHz, unexpectedly. The reason that one sees a window of frequencies that are not damped at all is that the location of the HOM damper which is 10 cm away from the end of the cavity is not optimized. Due to the fact that the higher the frequency is, the more axial variations occurs, some modes are not coupled strongly inductively at the current location (10 cm away from the cavity end). The best position for the HOM damper would be the real end location from the cavity because the surface boundary condition at the end allows the strongest magnetic field at the real end of the cavity for all HOMs. Therefore a new HOM damper location was chosen to be the real end of the cavity (the center of the HOM damper loop is 2.5 cm away from the end of the cavity). Table 4 summarizes HOM frequencies and Q values at the new location. The mode configuration of the HOMs was identified from the simulated HOM frequencies. Some question marks are seen in the mode configuration in Table 4 because of some uncertainties of identifying modes. However, in general, the HOMs are well damped at the new location from the measured loaded Qs, Q L , with the HOM damper and the filter.
A new HOM damper
The 56 MHz cavity will have a few ports at the end of the cavity plane for allowing the chemical cleaning ports to be accessible. This open port may be also used for the ports of the HOM damper. According to Sec. 4, the location of the HOM damper has to be the real cavity end, which may be realizable through the existing chemical cleaning ports. This new accessibility of the HOM dampers is much more favorable in terms of engineering design work which should incorporates the cryogenic design. Therefore, the new location which allows the HOM damper to be inserted horizontally (previously, it is vertical insertion) through the chemical ports is studied via MWS simulation. The opening diameter of the chemical port is 1.5 ′′ , which limits the allowable HOM damper size. From a MWS model drawing in Fig. 7 , the new HOM damper is accessed at the end of the cavity horizontally via the chemical cleaning port. The new HOM damper size is constructed with a 6 by 2.88 cm square with a width of 2 cm. Using EigenSolver of the MWS simulation, the Q L values of some key monopole HOMs were obtained. Table 5 is a summary of the simulation result of the new HOM damper. It is seen that almost all HOMs are well damped with the new HOM loop inserted through the chemical cleaning port. Based on the simulation result, the newly designed HOM damper will be tested in the prototype cavity.
Acknowledgement
The authors would like to thank Dr. Ilan Ben-Zvi and Sal Polizzo for their advice and helpful discussion.
